Bubbles around a solid surface moving in a fluid at high Reynolds number drastically reduce the associated turbulent drag. In this paper, we present experiments on the interaction of air bubbles with a solid wall. The design of an experimental setup is described, that allows generating bubbles with diameters of 0.4 to 2 mm and observes their interaction with a solid wall whose angle with the horizontal can be controlled. Depending on the bubble size and angle of inclination of the solid wall, the bubbles bounce off or slide along the wall. High-speed visualizations of the bubble-wall interactions are performed for values of Reynolds and Weber number ranging from 40 to 560 and 0.04 to 1.80 respectively. Our experimental results are compared with the work of Tsao and Koch [Physics Fluids 9, 44 (1997)].
INTRODUCTION
Micro-bubbles present in water and moving around a solid wall reduce the skin friction experienced by the surface. This phenomenon has been the subject of intensive study since the 1970's, as reviewed [1] . Advances in this technology can increase performance of ships and other vessels traveling on water surface or underwater. Impressive results, such as 80% drag reduction on small scale samples [2] and 32% reduction in large scale samples [2] have been achieved. The physical mechanism for drag reduction is not well understood because the interaction of bubbles of various sizes with the flow around a large object involves an extremely wide range of size and time scales, in the presence of multiple forces such as gravity, viscous forces, surface forces, inertia. For instance, turbulent flow governs the general structure of the flow around the vessel, involving eddies of sizes ranging from meter to micrometer. On the other hand, bubbles have typically sizes in the millimeter range, however their interaction and rebound with the vessel wall involves a very thin lubrication layer. Also, an additional complexity arises with increasing bubble sizes. Bubbles with diameter beyond 2 millimeter no longer remain Lagrangian particles. This causes fluctuations in bubble shape and volume, affects the drag profile and makes the equations of motion complex [3] . It is therefore understandable that existing theories for drag reduction are partial at best. According to [1] , micro-bubbles reduce drag by normalizing the density and viscosity of the carrier fluid. Another theory states that micro-bubbles reduce friction by altering the structure of the boundary layer [5] . The magnitude of the achieved drag reduction depends on the compressibility of the fluid [3] . Also, there is still a lack of modeling for the force between a wall and a bouncing bubble [7] , while it seems reasonable to think that bubbles close to the wall influence drag reduction the most. Our contribution to this complex problem is to study the rebound of bubbles against a solid surface. This study is part of a more general effort of our laboratory, where a multi-level numerical code is currently being developed to model the forces between a solid wall and a bouncing bubble. Comparison between experiments and simulations will allow the determination of a general expression for the wall force on a bubble, a much needed data for more complex simulations of multiphase cooling or drag reduction. In this study, we experimentally observe micro-bubbles in the presence of a solid boundary. The bubble diameter and terminal velocities are respectively in the range 0.4 to 2 mm and 7 to 30 cm/sec. The corresponding Reynolds Number and Weber Number are in the range 40 to 560 and 0.04 to 1.80, a case where the motion of the surrounding fluid can be approximated as a potential flow [4] . Therefore our results can be readily used by other theoretical and numerical study [7] . The paper reports the experimental results of the interaction.
Bubbles are injected using a Hamilton needle with 50 micrometer diameter. Bubbles are traveling at their terminal velocity when they interact with the solid surface. High-speed visualizations are made at the solid boundary to observe the rebounds. Bubble shape and rebound amplitudes are reported.
Section 2 provides information on the experimental setup and visualization method. Our approach for calculating bubble diameter and terminal velocity are outlined in Section 3. Section 4 presents visualization results for a horizontal wall. A plot of bubble centroid vs. time is presented where the centroid was found using the software, ScionImage. In section 5, we present the collision of bubble with an oblique Plexiglas wall.
EXPERIMENTAL SETUP AND VISUALIZATION METHOD
In this study an apparatus is built to generate air bubbles in a liquid and observe their rebound on a wall with controllable inclination. The apparatus is a rectangular water tank with ½ inch thick Plexiglas walls. It is 30 cm long, 30 cm high and 3 cm wide. A rotating solid wall is placed 15 cm above the bubble injection point. Bubbles are manually generated using a syringe and a Hamilton needle with 50 micrometer diameter. The bubble diameter ranged from 0.4 to 2 mm. This apparatus is basically similar to the one of Tsao and Koch [4] , except that we use a plate instead of a channel as a solid impact boundary. This modification reduces the amount of interfaces between the illumination and the camera objective from 8 to 4, in an effort to obtain best quality pictures. The setup allowed varying the angle between the wall and the bubble vertical trajectory from 90 0 to 5 0 . Distilled water (Type 2) was used in this experiment. The system was backlit from one side with a halogen lamp. A schematic of the apparatus is shown in Figure 1 .
The setup is built in a way that all bubbles are traveling vertically at their corresponding terminal velocity before they interact with the solid surface. The terminal velocity of the bubbles was estimated by balancing the buoyancy, added mass, drag and Basset forces. The force balance is shown in the equation#1 below where m is the mass of the bubble, u is the fluid velocity, v is the bubble velocity, D is the bubble diameter, µ is the fluid dynamic viscosity and c ρ and 
The above equation yields terminal velocities from 4 to 40 cm/sec for distilled water. Speeds of about 7 to 30 cm/sec were observed for distilled water (type 2), a range in agreement with results in Haberman and Morton [6] and Tsao and Koch [4] .
Bubbles traveling at the corresponding terminal velocity hit a solid wall, deform and in case the drop is large enough, bounce off the surface. The interaction is recorded using a high speed video camera (Pixelink PL-A776, 93 fps at 640 x 480) and the amplitude of the rebounds is measured. One pixel on our pictures is equal to 8 to 10 µm for horizontal wall interactions. While measuring the bubble diameters, we found that the bubble surface gradually faded over 6 pixels in the picture. This creates up to 6% error in our calculations for the bubble diameter. A maximum of 150 frames per second were achieved from the camera. A different objective lens was used for inclined wall study. One pixel then equaled 80 µm. The error in inclined wall measurements was 8% and the maximum achieved frame rate was 850. 
MEASUREMENT METHOD
The bubble diameter was found by taking a weighted average of the major and minor axes. Since the axis in horizontal direction appears in two planes, it was more heavily weighted. The equation used for finding the bubble diameter is given below. Diameter measurements for inclined wall were made before the interaction tool place. Thus, the same equation holds for both experiments. A more accurate method for determining the equivalent radius is outlined by Tsao and Koch [4] . 3 2
The Reynolds number, µ ρ / Re VD = , ranges from 40 to 560 and Weber number,
, ranges from 0.04 to 1.80. In the equations, ? and µ and density and viscosity of the liquid while ? is the surface tension. The variables V and D are the speed and equivalent diameter of the bubble respectively.
As the bubbles rose at their terminal velocities, their trajectory was recorded using a Pixelink camera. The centroid of the bubble was found by processing individual frames in ScionImage. The centroid was taken to be the mid point between the measured major and minor axes of the bubble. The bubble speed was found by measuring the bubble centroid position in successive frames and multiplying the traveled distance by the frame rate. Since the bubble shape was oblate, the aspect ratio was also calculated. We define the aspect ratio as the ratio of the horizontal and vertical axes. Our calculation for diameter yielded an error of 6%. The fluctuation in frame rate caused an error of 2% in frame rate measurement. Since velocity is the product of distance traveled in one frame and the frame rate, the error in our velocity measurements was 8%.
COLLISION WITH A HORIZONTAL WALL
A first finding of our study is shown in figure 2 : bubbles with equivalent diameter smaller than 0.8 mm do not rebound off the wall but stick to the surface. This diameter corresponds to a critical Weber number of 0.3. Numerous bubbles with similar diameter were studied to obtain the critical Weber number. The bubble diameter was controlled using a Hamilton needle for all experiments. In figure 2A , a bubble of 0.71 mm diameter rises towards the surface with a terminal velocity of 15.8 cm/sec. The small diameter and terminal velocity correspond to a Reynolds and Weber number of 126 and 0.24 respectively. The bubble rests at the wall for some time, after which is coalesces with the wall.
After 202 ms had passed, the bubble had completely coalesced with the wall. The wetting angle changes from 0 to 64 degrees in 130 ms.
FIG 2: A figure showing a 0.71 mm diameter bubble rising towards the solid wall. Terminal velocity is 15.8 cm/sec and distilled water (Type 2) was used for this experiment.
A second set of experiments was conducted with larger bubbles, with diameters above 0.8 mm. We found that bubbles larger than 0.8 mm visibly rebound off the surface, as illustrated by the case in figure 3 . These bubbles usually experience t wo to three visible rebounds. The bubble diameter in figure 3 is 1.52 mm and the measured terminal velocity is 23.8 cm/s. The Reynolds Number for this bubble was 400 and the Weber Number was 1.18. We start our analysis when the bubble is 9.3 mm away from the solid wall. It rises steadily with a speed of 23.8 cm/sec until it hits the surface. The bubble is oblate with the major axis in the horizontal direction. As the bubble approaches the vertical wall, the aspect ratio is 2.2. The closest measured distance from the bubble centroid to the wall is 0.3 mm. Once this minimum distance is reached, the bubble rebounds from the surface. The maximum measured amplitude of the first rebound is 2.2 mm. As the bubble is traveling downwards, the vertical axis elongates. The aspect ratio at this point is 0.9. At its lowest point after the rebound, the bubble shape becomes nearly spherical. The bubble again rises towards the solid wall and the horizontal axis starts to elongate. The aspect ratio reaches up to 1.4 before the bubble hits the wall for a second time. Measured amplitude for the second rebound is 1.1 mm and observed bubble area is circular at its minimum point. There is no additional visible motion after the second rebound. Once both rebounds had taken place, the bubble remained stationary at the solid wall. As time passed, 121 ms, the bubble coalesced with the wall. The wetting angle of the bubble changes from 0 to 66 degrees in 121 ms. In Figure 3, We also considered bigger bubbles, up to 2 mm in diameter. We found their terminal velocity to be higher, reaching up to 30 cm/sec for 2.2 mm bubbles. The first rebound amplitudes reached up to 2.5 mm.
According to Tsao and Koch [4] , the rebound results from an interchange between the kinetic energy of the fluid motion, the surface energy of the air-liquid interface, and the gravitational potential energy. If the bubble size is too small, less than 0.8 mm, bubble inertia is too low for a rebound. According to [4] , a thin liquid film develops between the bubble and the wall when the bubble doesn't rebound. This film continuously drains until it becomes thin enough to be unstable due to van der Waals attractions. At that point, the film ruptures and the bubble sticks to the wall. As bubble size increases beyond 0.8 mm, bubbles have enough inertia to rebound off the solid wall. The bubble inertia depends on the Weber Number, which is a function of terminal velocity and diameter. As bubble diameter increases, the terminal velocity increases which results in a bigger rebound. Thus, the rebound amplitude is directly proportional to bubble diameter. Most bubbles with diameters 0.8 to 2 mm rebound two to three times before the amplitude of the motion dampens away due to fluid's viscosity and cannot be observed. The data obtained from the horizontal wall study will be used in numerical simulations developed in our laboratory [7] .
COLLISION WITH AN INCLINED WALL
We observed collisions with the inclined Plexiglas wall. When a bubble collides with an inclined wall, it either slides along the wall or bounces against it. We observed bubbles with diameters ranging from 0.6 to 1.6 mm. Sliding occurs when the inclination is small, less than 50 degrees. As the inclination angle increases, the behavior changes from sliding to bouncing. Ultimately, for angles greater than 70 degrees, all observed bubbles bounced against the wall.
In figure 5 , we look at a bubble of diameter 1.03 mm. The angle of inclination is 45 degrees, thus the bubble slides under the wall. In order to get a better understanding of the sliding motion, we observe a specific bubble of diameter 1.12, which slides under a wall inclined at 53 degrees. The measured tangential velocity is 14.0 cm/sec. Figure 6 shows the bubble's normal distance from the wall. The bubble bounces off the surface once before experiencing sliding motion. Once the sliding motion has started, the position of bubble centroid is 0.6 to 0.9 mm away from the wall. The lateral distance along the wall is plotted as a function of time in figure 7. Bouncing motion was observed for bubbles when the inclination angle exceeded 70 degrees. We found the critical angle for bubble behavior to be a function of bubble diameter. The critical angle for small bubbles, 0.6 to 1 mm, ranged from 60 degrees to 70 degrees. However, the critical angle for 1 to 1.6 mm bubbles was smaller, ranging from 50 to 60 degrees. As a result, we observed some sliding motion even at larger angles. Our measured data for inclined wall study can be used in numerical simulations [7] to find the critical angle of different sized bubbles. We now analyze a specific case of the bouncing motion. The bubble diameter is 0.99 mm and the measured tangential velocity is 16.25 cm/sec. The inclination angle is 72 degrees. The normal distance from the solid wall is plotted in figure 8 . The lateral distance, as a function of time, is given in figure 9 . We observed that the amplitude of the rebound remains fairly constant. We used the bubble diameter, tangential velocity and inclination angle from sliding experiments to estimate the drag coefficient vs. the Reynolds number. The drag coefficient was obtained by balancing the drag force with the component of buoyancy force parallel to the wall, an approach used in Tsao and Koch [4] . The drag force is given by The drag coefficient for a completely spherical bubble is given by CD = 48/Re [4] . Bubbles in our experiments were oblate and interacted with a solid wall. As a result, the best fit line through our data was CD = 150/Re. These results can be compared with Tsao and Koch's experiment, who received CD = 100/Re. The difference could be explained by the fact that the range of bubble sizes considered in our study was different. Tsao and Koch only included bubbles ranging from 1 to 1.5 mm in diameter. Our study included even smaller bubbles, ranging from 0.6 to 1.6 mm. The water used in both experiments was distilled water (Type 2).
The behavior of a bubble under an inclined solid wall depends on the diameter, tangential velocity and the inclination angle. Bouncing motion under an inclined wall is sustained by an interchange of energy between translational, rotational and deformation modes of the bubble [4] .
CONCLUSION
An experimental setup has been built to observe the dynamics of bubbles colliding with a solid surface. We found that if bubbles have enough inertia, exemplified by a Weber number larger than 0.3, they rebound off a solid horizontal surface. The rebound amplitude and terminal velocity are directly proportional to the bubble size. As bubble size gets smaller, the inertia and corresponding Weber number are too low to rebound: bubbles stick to the wall instead of rebounding. When the wall is inclined, the behavior is a function of bubble diameter, tangential velocity and inclination angle. In our results, we found a range of 50 to 70 degrees where the behavior changed from sliding to bouncing for various bubble sizes. This can be compared to the results of Tsao and Koch, who received 55 degrees for 1 to 1.4 mm bubbles [4] . Our range of bubbles for the inclined wall study was 0.6 to 1.6 mm bubbles.
Our results may be used to study the physical mechanism behind drag reduction. The acquired results will be used in a numerical study for predicting bubble rebounds [7] .
